In biogas processes, methane production from acetate proceeds by either aceticlastic methanogenesis or through syntrophic acetate oxidation (SAO). In the present study, the pathway for methane production from acetate was analysed; i) during a gradual increase of the ammonia concentration (final concentration 7 g NH No shift in pathway was seen during increasing concentrations of sodium, potassium or propionic acid. The shift to SAO in the biogas digester resulted in a twofold decrease in the specific gas and methane yield.
INTRODUCTION
Two different mechanisms for methane formation from acetate are known: In the aceticlastic pathway, used by Methanosarcinaceae sp. and Methanosaetceae sp., the methyl group of acetate is almost completely converted to methane and the carboxyl group to carbon dioxide (Jetten et al. 1992) . The second mechanism is a syntrophic pathway, in which acetate is converted to hydrogen and carbon dioxide by one bacterium, followed by the subsequent reduction of carbon dioxide to methane by a hydrogen utilizing methanogen (Zinder & Koch 1984; Schnü rer et al. 1994) . Under methanogenic conditions, only three acetate-oxidizing bacteria have been isolated and described, two thermophilic (Lee & Zinder 1988; Hattori et al. 2000) and one mesophilic species (Schnü rer et al. 1996) .
The syntrophic pathway was first demonstrated in anaerobic digesters operating at thermophilic temperatures (Zinder & Koch 1984; Petersen & Ahring 1991; Ahring et al. 1993 ) but was later found also at mesophilic temperatures (Schnü rer et al. 1994; Schnü rer et al. 1999; Karakashev et al. 2006) . Methane formation by syntrophic acetate oxidation has, in addition to biogas processes, also been suggested to occur in lake sediments (Nü sslein et al. 2001) , oil reservoirs (Nazina et al. 2006 ) and soils (Chauhan & Ogram 2006) . Different factors have been shown to have an impact on the degree of syntrophic acetate oxidation versus the aceticlastic mechanism; acetate concentration (Petersen & Ahring 1991; Ahring et al. 1993; Karakashev et al. 2006) , dilution rate (Shigematsu et al. 2004) and prevailing methanogenic population (Karakashev et al. 2006) . Furthermore, methane doi: 10.2166/wst.2008.097 production through syntrophic acetate oxidation was in a previous study identified in digesters high in ammonia, sodium, potassium and VFA (Schnü rer et al. 1999) The aim of this study was to i) differentiate the influence of ammonia from salts (Na þ and K þ ) and propionic acid on the mechanism for methane production from acetate;
ii) identify the critical concentration of ammonia at which the syntrophic mechanism becomes the dominating pathway for methane production from acetate. The pathway for methane production from acetate was investigated during a 
Analyses
Total gas production, concentrations of methane and carbon dioxide, as well as pH, was determined according to Jarvis et al. (1995) . TS, VS, and TKN were determined 
) and 30 mM, respectively. Two parallel bottles were started for each component and two bottles without any salt or acid were started as controls. The pH of the medium was 7.3 (adjusted with Na 2 CO 3 in the bottles with propionic acid) and the cultures were incubated at 37 p C without shaking. After degradation of in total 100 mM (corresponding to two additions of 50 mM) of acetic acid (no propionic acid was degraded), culture liquid (10% v/v) was transferred from all cultures to new anaerobic bottles containing fresh medium and new substrate (350 ml).
At every transfer to new medium, the concentration of salt and propionate were increased by one 1 g/L and 10 mM, respectively. This procedure was repeated until the concen- (Table 1 ). In SAO3, the pH and VFA increased with increasing levels of ammonia-nitrogen, and at 3.3 g NH þ 4 2 N=L the levels had reached values of approx. 18 g/L and 7.9, respectively (Table 1) . At this point, the methane yield was still 0.40 l/g VS, i.e. same as SAO1. However, after running the process for several retention times at a concentration of 5.5 g/l NH þ 4 2 N, the methane yield decreased to half of the previous level. This low methane yield cannot be explained by the increasing protein concentration in the substrate, as this theoretically should give a higher methane yield. This low yield was maintained also during operation at 6.9 g NH þ 4 2 N=L. However, just two weeks after the final sampling occasion, a complete process failure occurred and the gas production (Table 2) . At 6 g ammonium nitrogen/l, the 14 CO 2 / 14 CH 4 ratio had increased above 2 suggesting that the dominating mechanism now was syntrophic acetate oxidation (Table 2) . At 7 g ammonium nitrogen/l, as much as 95% of the labeled acetate was oxidized to carbon dioxide. In a previous study, including different commercial anaerobic digesters, 40 -85% of the labeled acetate was found in acetate (Schnü rer et al. 1999) .
Possibly, at 6 g NH þ 4 2 N=L both mechanisms were on-going but at 7 g NH þ 4 2 N=L, the mechanism for methane production was solely syntrophic acetate oxidation.
CONCLUDING REMARKS
This study clearly shows that at mesophilic temperature, ammonia is a strong selective agent for syntrophic acetate oxidation. In the enrichment cultures, other salts or 1981; Koster & Lettinga 1984; Hashimoto 1986 Hashimoto , 1988 Hansen et al. 1998) . The results from this study strongly suggest that the previously described adaptation corresponds to a shift in the methane producing population. As syntrophic acetate oxidation involves a hydrogenotrophic methanogen, tolerating higher levels of ammonia, methane production from acetate can proceed even though the acetetotrophic methanogens are inhibited. The free ammonia content has been suggested to be the active component causing the inhibition. Using the formula given by Hashimoto (1986) to calculate the level of free ammonia, it is clear that the shift in this study occurred at levels rising above 128 -330 mg/l. These values are in the same range as previously reported to be inhibitory for methanogensis of un-adapted processes (Braun et al. 1981; De Beare et al. 1984) .
Compared to the aceticlastic methane producing pathway, the syntrophic pathway is by thermodynamic necessity much slower. The doubling time of a mesophilic syntrophic acetate oxidation culture was calculated to be approx. 28 day (Schnü rer et al. 1994) , to be compared with the aceticlastic methanogens having doubling times around 2-12 day (Jetten et al. 1992) . This suggests that biogas digesters to be run at high levels of ammonia should have a relatively long HRT, in order to avoid accumulation of volatile fatty acids and to retain a stable process. The HRT (30 days) used for the digesters in this study was apparently too short to retain a stable process. With increasing ammonia levels, the concentrations of VFA increased over time finally leading to a drop in pH and a complete process 
